The success of intermittent renewable energy systems relies on the development of energy storage technologies. Particularly, active and stable water splitting electrocatalysts operating in the same electrolyte are required to enhance the overall efficiency and reduce the costs. Here we report a precise and facile synthesis method to control nitrogen active sites for producing nitrogen doped multi-walled carbon nanotube (NMWNT) with high activity toward both oxygen and hydrogen evolution reactions (OER and HER). The NMWNT shows an extraordinary OER activity, superior to the most active non-metal based OER electrocatalysts. For OER, the NMWNT requires overpotentials of only 320 and 360 mV to deliver current densities of 10 and 50 mA cm À2 in 1.0 M NaOH, respectively. This metal-free electrocatalyst also exhibits a proper performance toward HER with a moderate overpotential of 340 mV to achieve a current density of 10 mA cm À2 in 0.1 M NaOH. This catalyst also shows high stability after long-time water oxidation without notable changes in the structure of the material. It is revealed that the electron-withdrawing pyridinic N moieties in the NMWNTs could serve as the active sites for OER and HER. Our findings open up new avenues for the development of metal-free electrocatalysts for full water splitting.
Introduction
Fossil fuels are currently the dominating energy source and form the basis of the world economy. However, in the future energy supply based on clean and renewable energy will dominate over the dependency on fossil fuels and this addresses challenges for technology development [1, 2] . Water electrolysis is a promising method for storing intermittent electrical energy from renewable resources, such as sun and wind, in the form of hydrogen fuel [3] . Electrochemical water splitting in alkaline media includes two half reactions: the hydrogen evolution reaction (HER, 4H 2 have shown high activity toward OER in acidic and alkaline media [4, 5] , and among the non-noble metal OER electrocatalysts, nickel (Ni) based electrocatalysts have shown very promising performance for OER in alkaline media [6] [7] [8] [9] [10] . For HER, Pt based materials are known as the most efficient HER catalysts in both acidic and alkaline media [4, 11] . However, platinum group metals suffer from high costs and scarcity resulting in difficulties in the long-term availability. Hence, to ensure availability of catalysts innovative breakthroughs are needed in order to develop affordable, sustainable and efficient catalytic materials for both HER and OER. In order to reduce/replace noble metal based electrocatalysts, various non-precious metal water-splitting catalysts have been developed [12] . In recent years, clear progress has been made in the development of efficient electrocatalysts with earth-abundant materials for HER [13, 14] and OER [3, 4, 15] in alkaline media. Substantial research efforts have been put on developing versatile bifunctional catalysts with satisfying activity toward both HER and OER, enabling operation in the same electrolyte [8, 16] . However, developing such active bifunctional electrocatalysts is challenging due to the incompatibility of pH ranges in which catalysts are stable and active. In this view, various efficient bifunctional catalysts based on transition-metal based compounds of Ni [6, 8, [17] [18] [19] [20] , Co [4, 16, 21] and doped heteroatoms [22] [23] [24] in alkaline media have been proposed. However, the transition metal oxide materials suffer from intrinsically low conductivity limiting their performance at high current densities. To circumvent this issue, conductive materials such as carbon nanomaterials, graphene and carbon nanotubes (CNTs) are usually used as catalyst supports for transition metal oxide nanoparticles [25, 26] . Such carbon supports are inactive toward most of the electrochemical reactions. However, the graphite or carbonaceous materials can be doped by heteroatoms such as nitrogen [24, 27] , boron [28] or phosphorous [22] to form active metal-free electrocatalysts. Carbonaceous doped materials can be used either as metal-free electrocatalysts [29, 30] or as catalyst supports [31] for active metal nanoparticles to get the advantage of synergistic catalytic activity. The chemical and electronic properties of these doped materials can significantly alter their OER and HER performance because of the induced changes in the local charge density and asymmetry spin density of the carbon lattice [32] . Among the carbonaceous doped-materials, nitrogen doped CNTs (NCNTs) have recently gained notable attention as low-cost metal-free catalysts with excellent durability, unique structure and earth-abundant element based catalytic active sites [24, 27, [33] [34] [35] [36] . Bin Yang et al. [37] have shown that pyridinic nitrogens serve as the active sites for OER. However, the vast challenge in the NCNTs electrocatalysts is to find a synthesis process enabling control of the final nitrogen types as well as the interaction of nitrogen moieties with the CNTs. Despite tremendous efforts, great challenges exist for developing metal-free electrocatalysts for full water splitting exhibiting the above mentioned features. Hence, only few successful materials have been achieved so far [38] .
In this study, nitrogen doped multi-walled carbon nanotubes (NMWNT) are synthesized by a simple, cost-effective and scalable method. These NMWNTs exhibit superior electrocatalytic activity as bifunctional metal-free catalysts toward both OER and HER with excellent stability. Interestingly, the NMWNTs not only show much higher catalytic performance compared to corresponding singleheteroatom-doped counterparts but also show comparable, or even higher, activity than the most active metal-based electrocatalysts, especially the ones reported for OER so far.
Results and discussion
The NMWNTs were synthesized as depicted in Fig. 1 . The synthesis method is explained in detail in the Supplementary Information. Scheme S1 shows the chemical structure of the emeraldine salt. Shortly, to enhance interaction of MWNTs with emeraldine salt (ES), both commercial MWNTs and ES are first dispersed in 0.0025 M HCl solution (pH 2.6) to create a stable solution [39] . The mixture is then sonicated for 20 h via an ultrasonic bath to provide a very thin and highly interconnected layer of the ES on the surfaces of the MWNT. During this step, the positively charged nitrogen moieties in the polymer induce intimate interaction between ES and MWNT and facilitate the formation of a hybrid material [40] . Thus, the polymer is wrapped simply around the surfaces of the nanotubes through physical adsorption requiring no additional functional group or pretreatment for the nanotubes (see Fig. 2a ). Subsequent centrifugation process eliminated the excess polymer and led to separation of the MWNT/ES materials with a low amount of nitrogen of (0.5 at.%). For the comparison two samples with shorter sonication times of 5 and 10 h were prepared leading to nitrogen contents of 1.2 at.% and 1 at.%, respectively, and also one sample with longer sonication time of 30 h were prepared (see Experimental section in Supporting Information).
The MWNT/ES materials were then pyrolyzed at 800°C in argon, leading to the formation of surface doped NMWNTs. The final products were denoted as 5, 10, 20 and 30-NMWNT referring to the NMWNTs prepared with different sonication times of 5, 10, 20 and 30 h, respectively.
To investigate the properties of the NMWNT material highresolution transmission electron microscopy (HRTEM) is utilized to observe the polymer wrapping around the MWNT surface in 20-MWNT/ES before pyrolysis (Fig. 2a) and the changes in the graphitic structure of the 20-NMWNT after pyrolysis (Fig. 2b) . Fig. 2a illustrates the presence of thin layer of the residual polymer on the surface of the MWNTs that plays a crucial role in obtaining the material with a high electrocatalytic activity. Moreover, as shown in Fig. 2b the graphite structure of the MWNTs still exhibits a relatively high degree of crystallinity indicating that the sonication and pyrolysis processes do not significantly affect the quality of the nanotubes (see also Fig. S1 ). This is in agreement with the graphite structure of the 20-NMWNT shown in Raman results (see discussion below).
OER electrocatylitic activity
The electrocatalytic activity of the 20-NMWNT samples for the OER is investigated by rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) measurements using a standard three and four-electrode systems, respectively, in 0.1 and 1 M NaOH. to carbonate anion which cannot induce any ring current at the used potentials.
As Fig. 3b shows only ORR current at the Pt ring electrode is detected while the disk potential is above the onset of OER (1.53 V). Furthermore, no detectable current from H 2 O 2 oxidation at the Pt ring is measured, showing that H 2 O 2 is not produced, or its production is under the detection limit, on 20-NMWNT covered disk electrode during OER. The RRDE measurements is also used for calculating the approximate Faradaic efficiency of O 2 evolution (e), through the equation of j ORR /j OER Â N, where j ORR and j OER are current densities measured on the Pt ring and the glassy carbon disk, respectively, and N is the collection efficiency of the RRDE [37, 43] .
For parallel RRDE measurements, e > 90% is calculated for the OER on the 20-NMWNT electrode. Moreover, a similar e > 90% is measured for the same catalyst material in 1 M NaOH electrolyte (Fig. S2) .
Since the OER polarization curve of MWNTs, in comparison to NMWNTs, shows almost no anodic current, thus the contribution of oxidation current of carbonaceous materials from the pristine MWNTs in the OER current is also considered almost negligible. Therefore, the current in OER polarization curves originates almost only from the formation of oxygen. The reason that the e > 90% is reported is based on the fact that in RRDE method, it should be noted that small errors in the ring current and collection efficiency can lead to relatively large errors in e, and thus RRDE measurements are useful for fast screening the approximate faradaic efficiency [10] . Number of other parameters also affect the measured faradaic efficiency by RRDE, such as the bubble formation on the disk hindering O 2 dissolution in the electrolyte and the error in the measured geometric surface area of the disk resulting from inhomogeneous catalyst dispersion. Fig. S3 shows the formation of oxygen bubbles on the 20-NMWNT loaded carbon cloth electrode at a potential of 1.65 V vs. RHE in 0.1 M NaOH. Hence, these results revealed that water oxidation via the 4-electron transfer pathway for generating O 2 is the dominant process on the 20-NMWNT catalyst. Fig. 3c shows OER polarization curves with iR compensation attained for the 20-NMWNT material in 0.1 and 1 M NaOH. The OER activity of 20-NMWNT is significantly improved in 1 M NaOH and shows an onset potential of only $1.5 V. The overpotentials required for OER current density of 10 mA cm À2 (denoted as N OER10 ) are measured to be 360 mV and 320 mV in 0.1 and 1 M NaOH, respectively. These values are comparable to those of the recently reported highly active transition metals [17, 25, 26, [44] [45] [46] and superior to the most active metal free catalysts [5,24,33,37,3 8,42,47-50] for OER (for more comparison see Table S2 ). It is noteworthy that the performance of 20-NMWNT is comparable to that of the most active metal-free catalysts reported very recently including N,S-CNT [47] (N OER10 of 360 mV in 1 M KOH), the most active N-doped metal-free catalyst, N-doped graphene nanoribbons (N-GRW) which has been recently reported by Liu et al. [37] , showing N OER10 of 360 mV in 1 M KOH, and also nitrogen, phosphorus and oxygen tri-doped porous graphite carbon@oxi-dized carbon cloth (ONPPGC/OCC) [38] developed as a metal-free bifunctional electrocatalyst but requiring significantly higher N OER10 of 410 mV in 1 M KOH. Another recent work based on nitrogen and carbon-containing materials has investigated cobalt embedded in porous N-rich carbon (PNC/Co) [44] that requires N OER10 of 370 mV in 1 M KOH. These overpotentials are notably higher than that of 20-NMWNT (320 mV). Fig. 3d shows the Tafel plots of 20-NMWNT in OER derived from Fig. 3c 20-NMWNT resulted in Tafel slopes of 78 and 68 mV/decade in 0.1 and 1 M NaOH, respectively. The Tafel plots with good linearity and small slopes imply that 20-NMWNT is an efficient catalyst for OER with a high electrical conductivity for fast electron transfer. Hence, 20-NMWNT is introduced as a novel metal free catalyst for OER with an activity that rivals the most active reported electrocatalysts for OER so far (Table S2) .
HER electrocatalytic activity
In addition to the superb OER performance discussed above, HER activity of the NMWNT catalyst is also evaluated in N 2 -saturated 0.1 M NaOH to demonstrate potential application of NMWNT as a bifunctional catalyst for full water splitting. Fig. 4 shows polarization curves of HER on the 20-NMWNT material compared with pristine MWNT and 20 wt% Pt/C electrodes. All the measured catalysts are deposited on a GC electrode with a similar loading of $0.2 mg cm À2 . As shown in Fig. 4 the NMWNT electrocatalyst reveals a significant enhancement in HER activity in comparison to the pristine MWNT, comparable to that of the state-of-the-art Pt/C especially at high currents. For the NMWNT an overpotential of 340 mV is required to achieve 10 mA cm
À2
(N HER10 ) in 0.1 M NaOH which is comparable to that of transition/ noble metal and metal free HER catalysts [13, 14] . Recently, Co 3 O 4 nanospheres on the surface of nitrogen doped carbon nanotubes [25] have been reported for catalyzing full water splitting with higher N HER10 of 380 mV in 0.1 M KOH. It should be noted that the activity of 20-NMWNT has a much higher HER activity in comparison with the very recently reported metal-free electrocatalysis in alkaline solutions (N,S-CNT) [47] , suggesting a dramatic improvement in HER activity. We further investigated fabrication of a freestanding electrode by depositing 20-NMWNT on a nickel foam (NF) substrate without any binder. (Fig. S6 A) .
The N HER10 for the NMWNT/NF is 235 mV. The outstanding bifunctional performance of NMWNT/NF can be attributed to the combined effect of large electrochemically active surface area, efficient mass and charge transport and high structural stability arising from the 3D porous structure of 20-NMWNT/NF. Above all, the porous structure of NF enable efficient transport of reactants (e.g., OH À ) toward and products (e.g., H 2 for HER and O 2 for OER) away from the catalytic active sites. These remarkable activities for both OER and HER are achieved with a relatively low catalyst loading on the NF ($0.2 mg cm À2 ), suggesting very good coupling between the NMWNTs and catalytically active metal based support. This also confirms that the coupling a low amount of the NMWNTs with active metal catalysts can significantly improve the electrocatalytic OER activity.
Investigating the catalytic active sites of the NMWNT catalyst toward OER and HER
To understand the origin of the activity of the metal free electrocatalysts toward OER and HER, we made an effort to identify the catalytically active OER and HER sites. Pristine MWNT (without any pretreatment) became highly active catalysts with very low amount of nitrogen, demonstrating the crucial role of the nitrogen species. Moreover, high activity of 20-NMWNT for the water electrolysis reported in this work, in comparison to the previously reports on nitrogen doped MWNT [27, 51, 52] , revealed the advantage of the surface doping method used in our study. Through the applied synthesis method, active nitrogen moieties with sufficient interaction with the MWNTs are synthesized. Herein, we try to identify the type of nitrogen moieties which might have the highest activity toward OER/HER and the effect of the interaction between MWNT and ES to enhance the amount of the active sites.
To identify the active N sites for the OER and HER, the 5, 10 and 30-NMWNT samples, synthesized with shorter and longer sonication times, have been also compared with 20-NMWNT. The observed different activities (Fig. S4) suggest differences in nitrogen content and/or moiety type as discussed in the following. Increasing the sonication time from 5 to 20 h resulted in a significant improvement in both OER and HER performances (Fig. S4) . Our experiments reveal the 20-NMWNT has the optimal activity for OER/HER since no significant improvement in the activity is observed for longer sonication time (30 h, Fig. S4 ). To show the influence of the solvent on the activity of the 20-NMWNT, pristine MWNTs was sonicated in the same solution, which was used to synthesize NMWNTs (0.0025 M HCl), for 20 h. As Fig. S5 shows, this sample do not show any significant improvement in the OER and HER activities compared to those measured for the pristine MWNTs. This shows that the sonication process and the used solution do not solely improve the activity of the MWNTs for HER and OER.
X-ray photoelectron spectroscopy (XPS) is utilized to study the elemental state of the NMWNT catalyst surface and to investigate the nitrogen active sites in the material. Comparison of the N1s XPS spectra of ES, 20, 10 and 5-MWNT/ES is shown in Fig. 5a . Fig. 5b displays N1s region for the 20, 10 and 5-NMWNT catalyst materials. The corresponding elemental compositions from the XPS data are reported in Table S1 . The N1s spectra of the ES and the NMWNTs samples have been analyzed by deconvoluting with Gaussian/Lorenzian peaks after removal of a linear background. The N1s spectra of the MWNT/ES is deconvoluted to three main components [53] , benzoid amine at $399.4 eV, oxidized amine at $401.2 eV, and protonized imine at $402.6 eV as shown in Fig. 5 . The N1s spectra of the pyrolyzed NMWNT material is deconvoluted to the three main peaks. The first two peaks located at $400.7 and $398.4 eV are attributed to the graphitic and pyridinic nitrogen, respectively, while the third peak at $402.6 eV corresponds to the protonized imine nitrogen [54] [55] [56] [57] . All spectra require an additional wide component around 406 eV representing various oxides and satellite structures. Table 1 shows the concentration of the different nitrogen types in the ES, 5, 10 and 20-MWNT/ES and 5, 10, 20-NMWNT materials.
It is clear from Fig. 5 that the pyrolysis changes the nitrogen bonding in these materials, as the peaks corresponding to graphitic and pyridinic N dominate the spectra after the pyrolysis (Tables S1  and S2 ). The pyridinic N content is significantly increased from $0.7 at.% in the 5-NMWNT to $1.3 at.% in the 20-NMWNT. It has been reported in the literature that graphitic N serves as the active site for other catalytic reactions, such as oxygen reduction reaction [54, 56] while pyridinic N is active toward OER [33, 37] . Depending on the N dopant configurations, electron transfer mechanism in Ndoped carbon nanomaterials can be either p-or n-type [58, 59] as has been shown both theoretically and experimentally [33, 37, 56, 60] . Pyridinic N can accept electrons (p-type doping) from adjacent C atoms, facilitating the adsorption of water oxidation intermediates (OH À , OOH À ) as the rate-determining steps for OER in alkaline solution [37] . On the other hand, n-type doping has been found for quaternary/pyrrolic N. As a result, the pyridinic nitrogen sites in the NMWNTs catalyst are the active sites for OER and HER, consistent with the recent studies about N active sites for OER [33, 37] . The XPS results (Table S1 ) reveal that the nitrogen content before pyrolysis is decreased from 1.2% in the 5-MWNT/ES sample to 0.5% for the 20-MWNT/ES material. This shows that the amount of ES on MWNT is decrease with the increasing sonication time so that only the ES with a strong interaction with MWNT remains on the nanotube surface. This is in agreement with the thermogravimetric analysis (TGA, Fig. S8 ) indicating that the amount of the ES in the material is decreased from 28 wt% for the 5-MWNT/ES to 20 wt% for the 20-MWNT/ES. However, XPS data show that after the pyrolysis the N content is almost the same for all the samples (Table S1) .
It is noteworthy, that 5-MWNT/ES, with clearly higher amount of ES in comparison to the 20-MWNT/ES material, results in a catalyst with lower activities for HER and OER, after the pyrolysis (Fig. S4) . Reason for this is that the longer sonication time opens MWNTs bundles after which the polymer salt has a better access to the surface of the MWNTs. Hence, for 20-MWNT/ES this treatment induces intimate contact between ES and MWNT, leading to a better integration of the nitrogen moieties into the surface of the MWNT. This provides more active nitrogen sites toward both OER and HER at the high carbonization temperature (800°C) as discussed above in the context of XPS measurements (Table 1) . More specifically, graphitization at high temperature acts as a switch for transferring inactive nitrogen sites, properly attached on the MWNT surface, to the active sites [25] . These results reveal an important finding for nitrogen functionalized carbon nanotubes: Since the pyrolyzed polymer interacts with CNTs through p-p⁄ interaction it is plausible that the nitrogen moieties formed during the pyrolysis are not incorporated in the CNT lattice. Hence, the catalytic activity of these materials depends more on the interaction of nitrogen moieties with the nanotubes rather than the amount of nitrogen containing compound provided on the tubes. In general, three important parameters affecting catalytic activity of such a catalyst material should be taken into consideration: (i) the structure of the catalyst support (MWNTs), (ii) the structure of the functionalities (pyrolyzed ES) providing the active sites, and (iii) the interaction between the functionalities and the support. So interaction of electronic states of the CNT support and the pyrolyzed ES takes place affecting the catalytic behavior of the N functionalities on the sidewall of the MWNTs. The effect of the MWNT structure in this interaction and activity is complicated as a number of parameters, such as MWNT diameter and chirality, determine its electronic density of states [61] [62] [63] . It is also noteworthy that the polymer wrapping in this synthesis method is applied for the pristine MWNT, instead of the mostly used acid treated tubes, and thus the oxygen content in the NMWNTs (Table S1 ) is much lower than that reported for other N-doped materials [33] . This is important for the stability of the electrocatalysts. Furthermore, in the MWNTs, no metal impurity is detected by XPS (Table S1 ), in agreement with the TEM images ( Fig. 2 and Fig. S1 ), further suggesting that the activity of the NMWNT materials comes from the nitrogen active sites.
To evaluate the intrinsic activity of the catalyst the turnover frequency (TOF, defined as the number of O 2 molecules evolved per second per active site) is employed (see the Supplementary Information for details). The corresponding TOF is $0.07 s À1 for the NMWNT catalyst, calculated at overpotential of 320 mV in 1 M NaOH by assuming that the pyridinic nitrogen as active sites for OER and mechanisms obeys the four-electron transfer pathway [33, 37] . However, the reported TOF is an approximate value since the exact amount of N on the surface is higher than 1.3 at.% as MWNT consists of several coaxial carbo nanotube layers but nitrogen is only located on the surface. Hence, the surface N to C ratio can be higher than obtained from the XPS measurements. indicates the formation of well-graphitized carbon nanotubes [64] and represents the tangential vibration of carbon atoms in graphene sheets [65] . The G-band of the 20-NMWNT sample undergoes a down-shift with respect to that of MWNT from 1603 to 1598 cm -1 (Fig. 6 ). This shift of the G-band can be ascribed to CAC expansion (or contraction) and the changes of electronic structure [64] . The change in the electronic structure of NMWNT, relative to the MWNT, may be associated directly to the amount and type of incorporated nitrogen [66] . The nitrogen atoms can Table 1 The relative ratio of pyridinic, benzoid amine, graphitic, oxidized amine, and protonized imine nitrogen to the whole nitrogen content for the emeraldine salt -55%  -37%  8%  5-MWNT/ES  -60%  -33%  7%  20-MWNT/ES  -68%  -25%  7%  5-NMWNT  27%  -55%  -18%  10-NMWNT  31%  54%  15%  20-NMWNT  45%  -45%  - act as either electron donor or acceptor when CNTs are doped with nitrogen [56] . Here, the down-shift of the G-band may imply an enhanced electron transfer between valance and conduction bands, which is in accordance with the earlier reported results [64, 67] . The intensity ratio of the D and G band (I D /I G ) indicates the degree of disorder in carbon materials and slightly increases from 1.35 for the pristine MWNT to 1.7 for 20-NMWNT. This change is attributed to incorporation of N atoms in the carbon lattice of MWNT. Carroll et al. [68] , reported that for N doped CNTs, the D-band intensity is more sensitive to pyridinic defects than to graphitic ones. It is consistent with the Raman spectra in Fig. S9 showing that the I D /I G ratio of 5 and 10-NMWNT (1.4 and 1.43, respectively) is smaller than that of 20-NMWNT.
Stability
In energy conversion systems, one vital challenge for efficient HER and OER catalysts, or the catalyst supports, is the long-term stability during electrolysis. The stability issue for OER is even more pronounced as materials have to survive in the strongly oxidative environment of electrolyzers that can induce changes on the structure of the catalyst [3] . For stability measurement of NMWNT, nickel foam has been utilized as the electrode substrate (NMWNT/NF) since the adhesion of NMWNT on the NF is better than on the GC. Fig. 7 shows measured time dependencies of the current density at a static potential of 1.56 and À0.23 V for OER and HER, respectively. These potentials correspond the current density of $10 mA cm À2 for both OER and HER. The chronoamperometric curves in 0.1 M NaOH show that the current densities remain stable for OER and HER during 24 h of the continuous half-cell reaction. The OER stability is also investigated in 0.1 M NaOH by cycling the potential between 1 and 1.7 V at a scan rate of 50 mV s À1 (Fig. S10) . No significant degradation is observed in the OER polarization curve for the 20-NMWN/NF after 1000 potential cycles. These stability results are also remarkable compared to the other published studies for the metal-free electrocatalysts, for both OER and HER [33, 49] . These results indicate that our facile synthesize method provides high interaction between the ES and MWNT, resulting in a better integration of nitrogen into the surface of the nanotubes, and consequently leading to exceptionally active Ndoped CNTs with excellent stability in alkaline media.
It is noteworthy that this excellent stability of 20-NMWNT for both OER and HER is more confirmed with XPS analysis . Tables  S3 and S4 show the relative amounts of different types of nitrogen and elemental composition of 20-NMWNT before and after electrochemical measurements, respectively. The observed changes in the pyridinc (43-45%) and quaternary nitrogen contents (45-48%) relative to the whole N content are within the experimental error. After the electrochemical measurements, as it is expected at the high OER potential range, oxygen concentration on the surface increases whereas N/C ratio is practically unchanged. These results show the potential of 20-NMWNT as an ultra-high active and stable metal-free bifunctional electrocatalysts for full watersplitting in alkaline media.
Conclusion
In conclusion, we have developed a facile and scalable posttreatment method for synthesizing bifunctional nitrogen functionalized carbon nanotubes (NMWNTs) allowing control of the type of formed nitrogen moieties. In this method, a polymer salt containing positively charged nitrogen moieties enhances the interaction with MWNTs via the intermolecular charge-transfer. In this method, the polymer is efficiently wrapped around the pristine MWNTs and then graphitized at a high temperature to form NMWNTs. The resulting material functions as an electrocatalyst with high activity and durability toward both OER and HER in alkaline media. As far as we are aware, resultant 20-NMWNT exhibits the best OER catalytic activity as a metal-free electrocatalyst and its activity is even comparable to that of the-state-of-the-art metal-based catalysts. 20-NMWNT also is one of the most active HER metal-free catalysts comparable to the highly active Pt/C at high overpotentials. The OER activity of the 20-NMWNT catalyst reveals significant improvement in comparison to other metalfree electrocatalysts for OER so that its activity is even comparable to that of the-state-of-the-art metal-based catalysts. It is shown that the interaction of the polymer salt with the MWNT plays an important role in the formation of the final type of the nitrogen functionalities and HER/OER activities. It is revealed that pyridinic N serves as the highest active site, compared to other nitrogen types, toward both OER and HER. The NMWNT catalyst shows also excellent stability for the long-term continuous water electrolysis. The HER/OER activity of the NMWNTs is further improved by the coupling the catalysts on nickel foam to form a 3D flexible porous electrode for HER/OER. This shows the potential of the NMWNTs for coupling with other active metal catalysts in the future.
Furthermore, because of the high conductivity and large surface area, the NMWNTs can also function as novel catalyst supports inducing potentially synergistic effect for decorating active metal nanoparticles. As far as we are aware, these are the first experimental evidences indicating a facile method to change the ratio of the different types of N species in the N functionalized carbon nanomaterials to improve the catalytic activity toward full water splitting. These results are important for further rational improvement of this already highly active bifunctional metal-free electrocatalyst material.
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